We tested the hypothesis that sapling growth following a sudden increase in solar irradiance is related to recovery from photoinhibition and the balance between rate of production of new leaves and rate of abscision of old leaves. Leaf gas exchange, chlorophyll fluorescence and relative growth rate (RGR) of stem basal area were measured following the sudden exposure of shade-grown (7% of full sunlight) saplings of four Shorea species to full sunlight. Sudden exposure to full sunlight resulted in an immediate and substantial reduction in dark-adapted quantum yield of photosystem II (F v /F m ), followed by a gradual recovery in all species. Near light-saturated net assimilation rate (A max ) and area-based leaf chlorophyll concentration ([Chl area ]) also declined immediately after exposure. Eleven days after exposure, A max had recovered to pre-exposure values in all species, whereas [Chl area ] had not recovered. Across species, RGR of stem basal area increased with increasing RGR of the number of leaves following exposure to full sunlight. The interspecific variations in RGR of stem basal area suggest that new leaf production is crucial for determining the potential growth of saplings following gap formation.
Introduction
In the lowland rainforests of southeast Asia, dipterocarps require the increase in light availability from canopy-gap formation for successful regeneration of their seedlings or saplings. Gap formation suddenly exposes shade-acclimated leaves to high irradiances. Consequently, when a gap forms, photosynthesis of the shade-grown leaves is reduced due to photoinhibition (e.g., Oberbauer and Strain 1985 , Mulkey and Pearcy 1992 , Naidu and DeLucia 1997 . The reduced photosynthetic rates reflect the down-regulation of photochemical capacity associated with photoprotective mechanisms or chronic photodamage caused by partial destruction of the photosynthetic apparatus (Björkman and Demmig-Adams 1995, Faria et al. 1996 , Ishida et al. 1999a , Martínez-Ferri et al. 2000 , Krause et al. 2001 . Chronic photodamage can result in leaf death, reduced growth and even whole-plant death (Lovelock et al. 1994) .
Many studies of seedling and sapling acclimation following exposure to high irradiances have focused on vulnerability to photoinhibition and subsequent recovery of photosynthetic capacity at the single-leaf level (e.g., Demmig-Adams et al. 1989 , Kamaluddin and Grace 1993 , Lovelock et al. 1994 , Naidu and DeLucia 1997 , Scholes et al. 1997 , Krause et al. 1999 , Bungard et al. 2000 , Grassi and Minotta 2000 , Kitao et al. 2000 , Kolb et al. 2001 . Recovery from photoinhibition following gap formation is particularly important for sapling growth of late-successional tree species, because these species are characterized by high vulnerability to photoinhibition and long leaf life spans. Yamashita et al. (2002) observed that even fully expanded leaves of late-successional trees have high acclimation capacity following transfer from shade to sun or from sun to shade. Furthermore, several studies have shown that high production rates of new leaves adapted to sunlit conditions enhance sapling growth following gap formation (Popma and Bongers 1991 , Naidu and DeLucia 1998 , Kursar and Coley 1999 , Yamashita et al. 2000 , Cai et al. 2005 . Expanding leaves are often more vulnerable to photoinhibition than mature leaves (Ishida et al. 2001 ). Moles and Westoby (2000) showed that small leaves can expand faster than large leaves. These facts may indicate a link between growth potential of seedlings and saplings and leaf size following sun exposure.
We hypothesized that growth of saplings of late-successional tree species following a sudden increase in solar irradiance is related to recovery from photoinhibition at the single-leaf level and the balance between production rates of new leaves and fall rates of old leaves at the whole-plant level. To test this hypothesis, saplings of four late-successional Shorea species (Dipterocarpaceae) growing under shaded conditions (7% of full sunlight) were suddenly exposed to full sunlight to simulate gap formation. Following the sudden exposure to full sunlight, we examined photoinhibition and subsequent recovery, as well as the relationship between relative growth rate (RGR) of the number of leaves and RGR of sapling stem basal area.
Materials and methods

Plant materials and experimental design
We studied four dipterocarp species: Shorea leprosula Miq., S. pauciflora King., S. gratissima (Wallich ex Kurz) Dyer. and S. smithiana Sym. saplings. The study site (0°16′ S, 116°5 9′ E) is in a nursery located in a largely cleared site in the lowland dipterocarp forests of the Sebulu Experimental Forest in East Kalimantan, Island of Borneo, Indonesia.
A wood-frame shade-house (11.0 × 5.5 × 1.8 m) covered with neutral-shade cloth was set up in the nursery. To determine the degree of shading, photosynthetic photon flux (PPF) was measured with quantum sensors (IKS-25; Koito-Kogyo, Tokyo, Japan) and recorded at 3-min intervals with a data-logger (SQ1250; GRANT Instruments, Cambridge, U.K.) for one month. Mean daily integrated PPF inside the shaded box was 1.6 mol m -2 day -1 (mean of six quantum sensors) and outside was 23.3 mol m -2 day -1 (mean of two quantum sensors). Irradiance inside the shaded box was thus about 7% of full sunlight. Inside the box, mean air temperature was 31.0°C and mean relative humidity was 68% (1200-1500 h). Outside the box, the corresponding values were 33.5°C and 59%. For S. smithiana, 3-month-old saplings were raised from seeds and for the other species, 6-month-old saplings were raised from cuttings at a relatively shaded site. Subsequently, 20 saplings per species were planted at a sunlit site (sun saplings) and 30 saplings per species were planted in the shade-house (shade saplings). The saplings were watered every 3 days to avoid severe drought.
After the saplings had grown for 8 months at each site, 10 sun and 10 shade saplings per species were harvested and dried for 72 h at 80°C to determine the area and dry mass of individual leaves and the leaf area ratio of plants (LAR; total leaf area per total plant dry mass). To simulate a large canopy opening, 10 of the remaining 20 shade saplings were exposed to full sunlight by removing the shade cloth (shade-sun saplings). At the time, all shade saplings had a similar total leaf dry mass (about 7 g) for all species.
Chlorophyll a fluorescence
The induction kinetics of chlorophyll a fluorescence in intact leaves were measured with a fluorometer (MINI-PAM; Walz, Effeltrich, Germany). One newly expanded leaf was selected on each shade-sun sapling and dark-adapted quantum yield of photosystem II (PSII) was measured just before the sudden exposure to sunlight and daily for 12 days following exposure. Newly expanded leaves of shade saplings and sun saplings served as controls. We measured two aspects of recovery from photoinhibition (Osmond 1994) : (1) chronic photoinhibition which is characterized by a sustained depression of PSII quantum yield (as indicated by the ratio of predawn variable fluorescence to predawn maximum fluorescence; F v /F m ); and (2) dynamic photoinhibition which is characterized by a midday depression of PSII quantum yield associated with the chronic photoinhibition and down-regulation of PSII (as indicated by midday F v /F m ). Leaves were darkened with dark leaf clips (DLC-8, Walz, Effeltrich, Germany) for 15 min to allow dark adaptation at midday. Initial fluorescence intensity (F o ) was measured at the adaxial leaf surface in the dark. Subsequently, F m was recorded after a 1-s pulse of saturating irradiance (12,000 µmol m -2 s -1 ) and dark-adapted variable fluorescence was calculated as:
Leaf gas exchange measurements
Measurements of fluorescence and net assimilation rate were made on the same leaves. A portable gas exchange system (LCA-4; Analytical Development, U.K.) measured the near light-saturated net assimilation rate (A max ) per unit leaf area in shade leaves, shade-sun leaves and sun leaves in the morning at leaf temperatures of 27-34°C. A PPF of 500 µmol m -2 s -1 was provided by a halogen lamp and relative humidity inside the chamber ranged from 65 to 90%, with ambient air CO 2 conditions. In all species, assimilation rates of both shade and sun leaves were nearly saturated at about 500 µmol m -2 s -1 PPF.
Leaf chlorophyll, leaf nitrogen and leaf size
Chlorophyll content was determined in the same shade, shade-sun and sun leaves that were used for measurements of chlorophyll fluorescence and A max . The change in relative area-based chlorophyll concentration ([Chl area ]; %) over time was determined by repeated measurements of the same leaves with a chlorophyll meter (SPAD-502; Minolta, Osaka, Japan). Readings (C) of the chlorophyll meter were calibrated against actual chlorophyll amounts per leaf area in Shorea species, as determined from acetone extractions (Arnon 1949) as follows:
Leaf turnover and sapling growth
To examine RGR of sapling growth and leaf turnover from pre-to post-exposure, we measured stem diameter at a height of 5 cm above the soil surface and counted the number of leaves (L) per sapling just before exposure (t 0 = 0) and three months after exposure (t 1 = 3). We calculated RGR of stem basal area as:
where r 1 or r 0 is the radius of stem at each t 1 or t 0 , respectively. The RGR of the number of leaves per sapling was calculated as:
where L 1 and L 0 is the total number of leaves per sapling at t 1 and t 0 , respectively.
To determine the numbers of newly produced leaves and abscised leaves during the 3-month period following the sudden exposure to full sunlight, we marked the tips of a shoot on each sapling and counted the number of old and new leaves and the number of nodes on the stems at t 0 and t 1 . We counted the number of abscised leaves from the scars of nodes without leaves. Relative leaf production rate (RLPR) and relative leaf abscision rate (RLAR) were calculated as per Bungard et al. (2002) : RLPR no. leaves produced after exposure no. leaves before = exposure
RLAR no. fallen leaves after exposure no. leaves before ex
Statistical analysis
Leaf physiological and morphological traits were analyzed by two-way analysis of variance (ANOVA; main factors: light treatment and species) with the STATISTICA statistical software (v. 9.0 J; STATISTICA Japan, Tokyo, Japan). Differences in chlorophyll fluorescence and net assimilation rate between pre-and post-exposed leaves were tested by the paired Student's t test. 
Results
Leaf characteristics of shade and sun saplings
In sun leaves, area-based A max was highest for S. leprosula (P < 0.05) and no significant difference was found among the other three species (Table 1) . In shade leaves, area-based A max did not differ significantly among species. The dry mass of fully expanded individual leaves varied among the study species. In both shade and sun saplings, the dry mass of individual leaves was in the order S. leprosula < S. pauciflora < S. gratissima < S. smithiana. Compared with S. leprosula, leaf dry mass of S. smithiana was 4.0 times greater in sun leaves and 4.7 times greater in shade leaves. Leaf area ratio was significantly greater in shade saplings than in sun saplings for S. leprosula and S. pauciflora (P < 0.05). Interactive effects between species and light treatments were found for leaf dry mass and areabased A max .
Photoinhibition and recovery following exposure
The sudden exposure of shade-grown saplings to full sunlight (shade-sun leaves) caused photoinhibition that included substantial reductions in predawn and midday F v /F m , followed by slow recovery (Figures 1a, 1b, 1e and 1f Table 1 . Dry mass (DM) of fully expanded individual leaves, area of individual leaves, leaf area ratio (LAR; total leaf area per total plant DM) and assimilation rate per unit leaf area with irradiance of 500 mmol m -2 s -1 photosynthetic photon flux (PPF) and ambient atmospheric concentration of carbon dioxide (A max ) in saplings of four species growing in shade and sunlit sites (S. leprosula = Sl; S. pauciflora = Sp; S. gratissima = Sg; and S. smithiana = Ss). F values of two-way analyses of variance on physiological and morphological variables with light treatments (shade and sun) and species as factors are shown. Asterisks: *** = P < 0.001; ** = P < 0.01; * = P < 0.05; and ns = not significant. Error bars show ± 1 SE above and below the mean (*** = P < 0.001; ** = P < 0.01; and ns = not significant, for differences between Day 0 just before exposure and Days 11 or 12 following exposure In all species, A max decreased immediately following exposure and then recovered by Day 11 after exposure (Figure 3) . From Day 0 to Day 11, A max increased by factors of 1.2 for S. leprosula, 1.1 for S. pauciflora, 1.0 for S. gratissima and 1.1 for S. smithiana. Area-based net assimilation rates in shade and sun saplings did not change during the study (data not shown).
Leaf turnover and sapling growth following sun exposure
Relative leaf production rate and relative leaf abscission rate per shoot varied among species (Figure 4) . Relative leaf production rate was significantly higher in shade-sun saplings than in shade saplings only in S. leprosula. Relative leaf abscission rate did not differ significantly among shade, shade-sun and sun saplings in any of the species, except in S. pauciflora where the rate was 3.5 times higher in shade-sun saplings than in shade saplings (P < 0.05). The total number of leaves per shoot of shade-sun saplings at three months after exposure was higher in S. leprosula and S. gratissima than in S. pauciflora and S. smithiana (P < 0.05, data not shown). At that time, the percentage of newly formed leaves comprising the total number of leaves was 71% for S. leprosula, 91% for S. pauciflora, 33% for S. gratissima and 37% for S. smithiana.
Across species, RGR of the number of leaves in shade-sun saplings was highest for S. leprosula and lowest for S. pauciflora (P < 0.05) (Figure 5a ). There was a nonsignificant trend of increasing RGR of the number of leaves from shade saplings to shade-sun saplings for S. leprosula and S. gratissima. The RGR of stem basal area was twice as high in shade-sun saplings as in shade saplings of S. leprosula and 1.9 times higher in S. gratissima (Figure 5b ). Stem basal area RGR for S. pauciflora and S. smithiana did not differ significantly between shade saplings and shade-sun saplings. Across species, the RGR of stem basal area was positively correlated with RGR of the number of leaves at three months following sudden exposure to full sunlight ( Figure 6 ).
Discussion
Recovery from photoinhibition
Among the shade-grown saplings of the Shorea study species, there were no conspicuous differences in photoinhibition and subsequent recovery of PSII during the 12 days following a sudden exposure to full sunlight (Figure 1 ). Recovery of F v /F m consisted of two processes-damage to PSII and protection of PSII. The value of F o is thought to reflect the degree of inhibition of PSII centers (Björkman and Demmig-Adams 1995) . The patterns of change in F o represent the different processes of photoinactivation and repair of PSII associated with the effects of high irradiances (Krause 1988, Krause and Weis 1991) . We observed biphasic responses of F v /F m . This phase marks the beginning of photodamage to PSII, which is caused by an increase in the number of closed PSII centers. In the second phase (Days 4 -12 following exposure), F o increased in all species and F v /F m also increased, reflecting an increase in the number of open PSII centers and probably a replacement of PSII centers through synthesis of D1 proteins (Leitsch et al. 1994 , Thiele et al. 1996 . The second phase is indicative of a gradual recovery from photodamage as the photoprotective process takes effect in the leaves (Demmig-Adams and Adams 1992, Thiele et al. 1996) . During this second phase, all Shorea species exhibited gradual increases in A max (Figure 3 ). Our saplings were grown in moderate shade (7% of full sunlight) before sun exposure; however, photoinhibition might have been more severe if the saplings had been grown in deep shade (1-2%) typical of the rain forest understory before being suddenly exposed to full sunlight. Although A max increased for 11 days following the immediate reduction in response to exposure, there was no recovery in [Chl area ] following the initial reduction in any species (Figure 2) . Similarly, Yamashita et al. (2000) found that chlorophyll content did not recover following sun exposure; however, they observed that the chlorophyll a/b ratio increased following sun exposure, suggesting a controlled re-partitioning of internal resources within leaves rather than simply photo-bleaching. The reduction in [Chl area ] may contribute to a reduction in excess light absorption in leaves.
Relative growth rate following sun exposure
Growth of saplings transferred from shaded conditions to full sunlight is associated with a combination of processes, including vulnerability to, and subsequent recovery from, photoinhibition, new leaf production and dry matter allocation between the above-and belowground parts of saplings. There were no differences in photosynthetic acclimation of the existing shade-developed leaves among species (Figure 3 ), but rates of leaf production and leaf abscission varied among species (Figure 4 ). Across species, stem basal area RGR was positively correlated to RGR of leaf number following the exposure ( Figure 6 ). Thus, the interspecific variation in sapling growth following exposure seems to be associated with variation in RGR of leaf number among species.
Further studies are needed to evaluate interspecific variations in vulnerability and recovery to photoinhibition among late-successional tree species through transfer experiments from various degrees of shade to various degrees of sunlight. Increased RGR of leaf number would result from high rates of production of new leaves and long leaf lifespans. Previous studies have reported enhanced growth (Fetcher et al. 1983 , Oberbauer and Strain 1985 , Osunkoya and Ash 1991 , Popma and Bongers 1991 and enhanced leaf production (StraussDebenedetti and Bazzaz 1991 , Lovelock et al. 1994 , Yamashita et al. 2000 , Cai et al. 2005 in shade-grown plants following sun exposure. In our study, shade-sun saplings of S. leprosula and S. gratissima tended to exhibit higher RGR of stem basal area following sun exposure than sun saplings, although the increases were not significant (Figure 5b ). This finding is consistent with previous studies of rain forest tree species in Mexico (Popma and Bongers 1991) showing higher RGR of plant mass in saplings transferred from forest understory or a 454 SHIMIZU, ISHIDA, TANGE AND YAGI TREE PHYSIOLOGY VOLUME 26, 2006
Figure 3. Time courses of net assimilation rate per unit leaf area at 500 µmol m -2 s -1 photosynthetic photon flux and at the ambient atmospheric carbon dioxide concentration in shade-sun leaves before exposure to full sunlight (Day 0) and following exposure to full sunlight. Error bars show means ± 1 SE (*** = P < 0.001; ** = P < 0.01; * = P < 0.05; and ns = not significant, for differences between Day 0 just before the exposure and at each day following the exposure).
small gap to a large gap than in large gap saplings maintained in the same environment. The increase in RGR of stem basal area following exposure might be associated with carry-over effects of the previous light condition; for example, shade saplings had higher LAR than sun saplings (Table 1 ) and, as a consequence, high LAR might temporally enhance plant growth in shade-sun saplings following exposure, especially for S. leprosula. Shimizu et al. (2005) have noted the importance of the regulation of the total leaf area to root area ratio on wholeplant water balance in dipterocarp saplings under changing light conditions. Individual leaf size varies widely among Shorea species. Relative leaf production rate increased significantly with decreasing leaf size across species, especially in sun saplings (r 2 = 0.948, data not shown). Although S. pauciflora has relatively small individual leaves and a high relative rate of new leaf production, this species showed the highest relative RLAR following sudden exposure to full sunlight. We found no significant correlations between leaf size and RGR of leaf number or RGR of stem basal area.
Ecological implication
In southeast Asia, dipterocarps are typical climax trees that persist as seedlings or saplings suppressed in the understory until a canopy gap opens above or near them (Bungard et al. 2000 , Leakey et al. 2003 . Species-specific differences in response to increases in irradiance may differentiate dipterocarp species during the regenerative phase of seedling or sapling establishment after gap formation, resulting in niche-separation, which, ultimately, could account for the coexistence of dipterocarps (see reviews of Grubb 1996 , Whitmore 1996 , Baker et al. 1997 , Davies et al. 1998 . The duration and amount of incident PPF through the canopy are dependent on the size and shape of the canopy gap, and dipterocarp saplings exhibit varied photosynthetic performances in response to different gap sizes across species (cf. Ishida et al. 1999b, Cao and Booth 2001) . Saplings growing in small gaps must undergo cycles of suppression and release of height growth (caused by canopygap reclosing and reopening, respectively), until they reach the forest canopy height (Canham 1989 potential growth rates following sun exposure (e.g., S. leprosula) may be most successful at sites with relatively stable, high-light conditions, such as a large gap or the center of gap. In contrast, Shorea species with low potential growth rates following sun exposure (e.g., S. pauciflora) may be more successful in small gaps or at the edge of a gap, where temporal variations in irradiance are relatively small. We conclude that interspecific variations in leaf turnover can be crucial for determining variations in the potential growth of saplings of late-successional dipterocarp species to changing light conditions, even when photoinhibition and recovery potential at the single-leaf level do not differ greatly among saplings. SHIMIZU, ISHIDA, TANGE AND YAGI TREE PHYSIOLOGY VOLUME 26, 2006 
